The Draize rabbit eye irritation test (OECD Guideline 405) 1) has been the globally accepted regulatory method for assessing the eye irritation potential of chemicals including pharmaceuticals, cosmetics and their raw ingredients. However, the Draize test has been the subject of increasing criticism due to animal welfare considerations. Furthermore, due to the regulatory changes implemented in Europe by the 7th Amendment to the Cosmetics Directive, use of animal testing for the assessment of the eye-irritation potential of cosmetic ingredients will be banned after 2009. Therefore risk assessments of cosmetics will become difficult to undertake unless eye irritation replacement strategies based on better-performing in vitro methods are available and accepted by the regulators.
As a result, many researchers have been investigating alternative methods to the Draize test. Cytotoxic reactions in corneal cells appear to be a major source of eye irritation. Therefore, the use of normal rabbit corneal epithelial cells as an alternative to the Draize test has been reported previously. [2] [3] [4] [5] [6] [7] [8] In these cases, a correlation was observed between the results of in vitro tests and the Draize scores, and so normal rabbit corneal epithelial cells have been reported to have similar sensitivity and a correlation with the Draize test. Normal rabbit corneal epithelial cells can be considered to maintain nearly the same level of biosubstance and pharmacological function as seen in vivo. Success in fully replacing the Draize eye irritation test with in vitro methods has not yet occurred due in part to a lack of understanding of the underlying physiological mechanisms of eye irritation.
The healthy ocular surface is composed of two different types of epithelial cells: corneal epithelial and conjunctival epithelial cells. Corneal epithelial cells are essential for a clear cornea and good vision. The corneal epithelium has a capacity for rapid regeneration that depends on the selfrenewal of corneal stem cells. The corneal epithelium consists of corneal stem cells, transient amplifying cells, postmitotic cells, and terminally differentiated cells. Both stem cells and transient amplifying cells exhibit an ability to proliferate, whereas post-mitotic cells have lost this ability. Stem cells are imbued with the potential for self-renewal, and can proliferate extensively.
However, in a severely injured or diseased cornea, in which the limbal and central epithelia are both absent, it is the neighboring conjunctival epithelial cells that invariably end up covering the corneal surface. 9, 10) Because corneal and conjunctival epithelia are formed by two phenotypically distinct cell lines, [11] [12] [13] [14] [15] [16] reepithelialization of the corneal surface by conjunctival cells is invariably accompanied by chronic inflammation, persistent epithelial defects, stromal scarring, and neovascularization.
The most recent treatment for severe ocular surface injury involves the transplantation of cultivated corneal epithelial cells. This is the latest technology for reconstructing damaged ocular surfaces under conditions of stem cell deficiencies, and was first reported in 1997 by Pellegrini et al. 17) The next major advance in the development of new surgical technology was the use of a human amniotic membrane as a substrate for in vitro epithelial cell culture. Amniotic membrane by itself has been used in ocular surface reconstruction surgery for some time [18] [19] [20] [21] [22] [23] [24] [25] [26] and the working mechanism of the amniotic membrane on the ocular surface has been investigated. 27, 28) Thus, the use of the amniotic membrane as a sub- We have developed the Rabbit Corneal Epithelial (RCE) Model to evaluate the in vitro eye irritation potential of chemicals including pharmaceuticals, cosmetics and their raw ingredients. In the model, a stratified culture of rabbit corneal epithelial cells is grown at the air-liquid interface on an amnion acting as a parabasal membrane. The alkaline exposure was restored each day in the presence of no irritants, although with the addition of sodium lauryl sulfate (SLS), which is a major irritant, the restoration of deficit was inhibited on the RCE model in a dose-dependent manner. The results of this test were comparable with those of the Draize test, and thus, this method using the RCE model may prove to be a useful and sensitive in vitro eye irritation test. The in vitro eye irritation potential of polyoxyethylene alkyl derivatives, polyoxyethylene lauryl ether (PLE), polyoxyethylene cetyl ether (PCE), polyoxyethylene stearyl ether (PSE), polyoxyethylene oleyl ether (POE), and polyoxyethylene behenyl ether (PBE) were evaluated using the RCE model containing an alkaline exposure. POE inhibited 90.2% of the restoration of deficit at a concentration of 0.5% on the 4th day after addition. Depending on the structure, an activity relationship was defined. The polyoxyethylene alkyl derivatives had distinctly different inhibitory potencies against the restoration of deficit, according to their substitution patterns. POE inhibited the restoration of deficit greater than other polyoxyethylene alkyl derivatives on the RCE model. These results indicated that the oleyl chain of POE is an important factor for inhibiting the restoration of deficit on the RCE model.
strate for corneal epithelial cell culture was a logical progression. [29] [30] [31] It is currently not established whether, after healing, corneal epithelial cells reconstituting the new epithelium are derived from the engrafted cells or from the host stem cells that remained on the ocular surface. Culture of limbal stem cells on amniotic membranes appears to preserve the limbal stem cells and retain their in vivo properties [32] [33] [34] but it remains to be seen if the human amniotic membrane acts only as a substrate or actually promotes limbal stem cells proliferation.
We focused on the mechanisms of eye injury and the new in vitro endpoints which would be more predictive of biogenic response to chemical injury thus resulting in new or improved in vitro methods that would proceed to formal validation. In order to overcome some of the limitations noted in the existing cytotoxicity methods, such as barrier function and permeation of cornea layer, we developed the Rabbit Corneal Epithelial (RCE) model using an amnion as a parabasal membrane to evaluate the in vitro eye irritation potential of chemicals including pharmaceuticals, cosmetics and their raw ingredients. The amnion has superior physical properties including strength and elasticity, and good biological properties including low antigenicity, histocompatibility and strong adhesion ability. The use of the amnion as a scaffold results in a standardized epithelium model reconstructed with cultured rabbit corneal epithelial cells.
Polyoxyethylene alkyl derivatives are one group of wellknown nonionic surfactants, and have been widely used in toiletry products and cosmetics. In Japan, there have been reported occurrences of dangerous damage to eyes through the use of make-up removers combined with polyoxyethylene oleyl ethers. The Japan Cosmetic Industry Association (JCIA) has warned that use of make-up removers combined with polyoxyethylene oleyl ethers could result in penumbra of the eye. Therefore, it is important to evaluate whether polyoxyethylene oleyl ethers are safe for eye treatment, and to elucidate the mechanism of action of the eye irritation.
In this study, we have developed the RCE model using an amnion as a parabasal membrane, and used this model to evaluate the in vitro eye irritation potential of polyoxyethylene alkyl derivatives, polyoxyethylene (9) lauryl ether (PLE), polyoxyethylene (10) cetyl ether (PCE), polyoxyethylene (10) stearyl ether (PSE), polyoxyethylene (10) oleyl ether (POE), and polyoxyethylene (10) behenyl ether (PBE).
MATERIALS AND METHODS
Chemicals Sodium lauryl sulfate (SLS) was obtained from Wako Pure Chemical Industries, Co., Ltd. (Tokyo, Japan). Polyoxyethylene alkyl derivatives, polyoxyethylene (9) lauryl ether (PLE), polyoxyethylene (10) cetyl ether (PCE), polyoxyethylene (10) stearyl ether (PSE), polyoxyethylene (10) oleyl ether (POE), and polyoxyethylene (10) behenyl ether (PBE), which were selected from Japanese Standard of Cosmetic Ingredients or Japanese Pharmacopoeia, were obtained from a supplier of cosmetic ingredients. The culture medium M-stars A and supplemented hormonal epithelial medium (SHEM), and amniotic membrane were obtained from ArBlast Co., Ltd. (Kobe, Japan).
Preparation of Rabbit Corneal Epithelial (RCE) Model
Rabbit corneal epithelial cells were provided by ArBlast Co., Ltd. (Kobe, Japan) and were co-cultured along with inactivated 3T3 fibroblasts, as described previously, 35) with the modification that inactivation was achieved by treatment with mitomycin C (MMC). For three-dimensional cell culture, intact and denuded pig amniotic membranes were spread, epithelial basement membrane side up, on the bottom of polyester membrane culture inserts. Briefly, confluent 3T3 fibroblasts were incubated with 4 mg/ml MMC for 2 h at 37°C under 5% CO 2 , and then trypsinized and plated onto 6-well plates with a density of 2.0ϫ10 4 cells/well. The culture inserts were then placed in a 6-well plate containing the treated 3T3 fibroblasts, and the cultured rabbit corneal epithelial cells were inoculated with a density of 5.0ϫ10 5 cells/well onto the 6-well culture inserts. The culture was submerged into the M-stars A medium as described previously for 7 d and then exposed to air by lowering the medium level (airlifting) for 3 d. After airlifting, the suitability of the rabbit corneal epithelial (RCE) model was confirmed by examining the multilayer structure formation and the flatness of the most outer layer.
Light Microscopy The samples were fixed with 10% buffered neutral formaldehyde. After that, the samples were routinely processed by cryostat and were stained with hematoxylin and eosin.
Eye Irritation Test with RCE Model The eye irritation potency of test samples is estimated by the measurement of inhibition of restoration against alkaline exposure. A medical sponge with a diameter of 8 mm impregnated with 1 N sodium hydroxide solution was laid on the RCE model to produce the deficit. The RCE model containing a deficit was cultured with a supplemented hormonal epithelial medium (SHEM) containing test samples at 37°C under 5% CO 2 for 5 min. After incubation, the test substance was removed from the RCE model by washing with the assay medium. The RCE model was further cultured with a SHEM medium at 37°C in 5% CO 2 for 4 d. The area of deficit after alkaline exposure was measured as an index of inhibition of restoration against alkaline exposure using the imaging technique every 24 h for 4 d. By comparing the area of deficit after incubation with that before sample irritation, the restoration rate for the deficit is calculated for each time point. restoration rate (%)ϭ(area of deficit after incubation)/(area of deficit before incubation)ϫ100
The restoration rate (% of control) for the deficit is expressed as % relative to the non-irritation control for each time point. Imaging Technique The RCE model was observed and images were recorded using a Stereomicroscope SZX 10 (Olympus, Tokyo, Japan). The image of the RCE model was analyzed by image analysis, and so the area of deficit was measured. Image analysis was performed using the public domain Java image processing program, Image J v3.91 software (http://rsb.info.nih.gov/ij), which was developed at the National Institute of Health (NIH) to assist in clinical and scientific image analyses.
Statistical Analysis The inhibitory effect on restoration against alkaline exposure was expressed as the meanϮstan-dard error (S.E.), and subsequent inspection of means was evaluated by Student's t-test between two groups at a significance level of pϽ0.05 and pϽ0.01.
RESULTS

Preparation of the Rabbit Corneal Epithelial (RCE) Model
The rabbit corneal epithelial (RCE) model was prepared by culture of rabbit corneal epithelial cells on the amniotic membrane in a cell culture insert. The RCE model was confirmed to contain a multiplayer of well-stratified corneal cells on the amniotic membrane using a histological vertical section (Fig. 1) .
Eye Irritation Test with the RCE Model The RCE model was exposed to a medical sponge impregnated with a 1 N sodium hydroxide solution, resulting in a deficit in the central part of the RCE model. The deficit with alkaline ex- RCE model was produced with the deficit by alkaline exposure with lying a medical sponge impregnated with 1 N sodium hydroxide solution. The RCE model containing a deficit was cultured with a SHEM containing 0.005% SLS at 37°C under 5% CO 2 for 5 min. After incubation, the test substance was removed from the RCE model by washing with the assay medium. Control was not irritated with SLS. Fig. 4 . Microscopic Views of the RCE Model Treated with Polyoxyethylene Derivatives, PLE, PCE, PSE, POE, and PBE at a Concentration of 0.05% and 0.50%
The RCE model containing a deficit was cultured with a SHEM containing 0.05% and 0.5% polyoxyethylene alkyl derivatives at 37°C under 5% CO 2 for 5 min. After incubation, the test substance was removed from the RCE model by washing with the assay medium. Control was not irritated with polyoxyethylene alkyl derivatives. The RCE model containing an alkaline deficit was treated with SLS at concentrations of 0.001% (᭺), 0.005% (ᮀ), 0.01% (᭝), and 0.05% (ϫ), and cultured in a SHEM medium at 37°C in 5% CO 2 for 96 h. Control (᭜) was not irritated with SLS. The area of deficit was measured as an index of inhibition of restoration against deficit induced by alkaline exposure using the imaging technique every 24 h. The restoration rate (% of control) for the deficit is expressed as % relative to the non-irritation control for each time point. Bars represent meanϮS.E. of three independent experiments. Significantly different from the non-treated control group at pϽ0.05 ( * ) and pϽ0.01 ( * * ).
posure was restored each day, with no lasting irritation, by continuing to culture the cells in the presence of a supplemented hormonal epithelial medium (SHEM). However, when sodium lauryl sulfate (SLS), used as a positive irritant, was added, the restoration of deficit was inhibited in a dosedependent manner. Figure 2 shows the macroscopic restoration of deficit on the RCE model cultured in the presence of SLS at a concentration of 0.005%. When no irritant was present, the deficit was restored on the RCE model after 24 h. Restoration of the deficit was clearly inhibited by treatment with 0.005% SLS. This was confirmed by observation of the model under an inverted microscope. After 96 h, the deficit was restored to 99.0% when no irritant was added. When SLS was added at a concentration of 0.05%, the deficit was not restored on the RCE model in a time-dependent manner (Fig. 3) . SLS inhibited 88.7% of the restoration of deletion compared with deficit area by alkaline exposure 24 h after treatment at a concentration of 0.05%, and the IC 50 (50% inhibitory concentration) values of SLS was approximately 0.002%. SLS inhibited 86.4% of the restoration of deletion 96 h after treatment at a concentration of 0.05%, and the IC 50 value of SLS was approximately 0.007%. In the previous study, it has been reported that Draize score for SLS, which is a major irritant, increased in a dose-dependent manner. 36) The inhibitory effect of restoration against alkaline exposure on the RCE model also increased in a dose-dependent manner of SLS. This result indicated that the eye irritation potency of test samples may be estimated by the measurement of inhibition of restoration against alkaline exposure.
Eye Irritancy Potencies of Polyoxyethylene Alkyl Derivatives on the RCE Model The inhibitory effects of polyoxyethylene alkyl derivatives, polyoxyethylene lauryl ether (PLE), polyoxyethylene cetyl ether (PCE), polyoxyethylene stearyl ether (PSE), polyoxyethylene oleyl ether (POE), and polyoxyethylene behenyl ether (PBE) were determined using the RCE model with an alkaline deficit. All polyoxyethylene alkyl derivatives inhibited the restoration of deficit in a dosedependent manner from 24 to 96 h after treatment. Figure 4 shows macroscopic restoration of deficit on the RCE model grown in the presence of the polyoxyethylene alkyl derivatives, PLE, PCE, PSE, POE, and PBE at a concentration of 0.05% and 0.50%. Compared with the case in which there was no irritation noted on the RCE model, the deficit was restored on the RCE model 24 h after treatment. Restoration of the deficit was clearly inhibited by the treatment of PLE, PCE, PSE, POE, and PBE at a concentration of 0.05%. When the deficit was observed under an inverted microscope, there were distinct differences, depending on which irritant was tested. In case of treatment with PBE, the deficit was better-restored in comparison with treatment by other polyoxyethylene alkyl derivatives. All polyoxyethylene alkyl derivatives inhibited the restoration of deficit in a dose-and time-dependent manner from 24 to 96 h after treatment on the RCE model. The amount of inhibition of the restoration of deficit by all the polyoxyethylene alkyl derivatives tested was highest 24 h after treatment. From 24 to 96 h, the amount of inhibition gradually decreased (Fig. 5) . PLE, PCE, PSE, POE, and PBE inhibited 81.4%, 79.5%, 74.4%, 94.4% and 68.3% of the restoration of deficit 24 h after treatment at a concentration of 0.50%, and the IC 50 values of PLE, PCE, PSE, POE, and PBE were approximately 0.025%, 0.047%, 0.057%, 0.010%, and 0.070% (Fig. 6) . PLE, PCE, PSE, POE, and PBE inhibited 81.9%, 76.0%, 74.1%, 90.2% and 71.0% of the restoration of deficit 96 h after treatment at a concentration of 0.50%, and the IC 50 values of PLE, PCE, PSE, POE, and PBE were approximately 0.064%, 0.080%, 0.085%, 0.041% and 0.094% (Fig. 6 ). This result indicated that POE is the greatest eye irritant of the polyoxyethylene alkyl derivatives tested. SLS, which is a known positive irritant, has a 10 times more potent IC 50 than the polyoxyethylene alkyl derivatives.
DISCUSSION
We developed the rabbit corneal epithelium (RCE) model as a three-dimensional in vitro model using a stratified culture of rabbit corneal epithelial cells grown at the air-liquid interface on an amniotic membrane as a parabasal membrane. This allows an artificial corneal epithelium (reconstituted rabbit corneal epithelium) to be prepared which exhibits barrier characteristics and paracellular permeability similar to those of a native rabbit cornea (Fig. 1) . The deficit with alkaline exposure was restored each day in culture without the presence of an irritant. However, with the addition of the irritant sodium lauryl sulfate (SLS), the restoration of deficit was inhibited on the RCE model in dose-dependent manner (Figs. 2, 3) . SLS, which is a major irritant, also increased the Draize score in a dose-dependent manner. 36) This result indicated that the eye irritation potency of test samples may be estimated by the measurement of inhibition of restoration against alkaline exposure on the RCE model.
When the time-activity relationships were examined, it became evident that the different inhibitory potencies between the polyoxyethylene alkyl derivatives at a concentration of 0.05% 24 h after irritation are greater than those of subsequent hours (Fig. 5) . These results indicated that the in- The RCE model containing an alkaline deficit was treated with PLE (᭛), PCE (᭺), PSE (ϫ), POE (ᮀ), and PBE (᭝) at a concentration of 0.05%, and cultured in a SHEM medium at 37°C in 5% CO 2 for 96 h. The area of deficit was measured as an index of inhibition of restoration against deficit induced by alkaline exposure using the imaging technique every 24 h. The restoration rate (% of control) for the deficit is expressed as % relative to the non-irritation control for each time point. Bars represent meanϮS.E. of three independent experiments. Significantly different from the non-treated control group at pϽ0.01 ( * * ).
hibitory effect is most sensitive 24 h after treatment and so research into the eye irritation of test samples should be analyzed at 24 h on the RCE model.
As for the structure-activity relationships, polyoxyethylene alkyl derivatives had distinctly different inhibitory potencies against the restoration of deficit according to their substitution patterns. The inhibitory effects of the restoration of deficit decreased in the order PLEϾPCEϾPSEϾPBE in the polyoxyethylene saturated fatty acid derivative group (Figs.  4, 6) . The difference in structure between PLE, PCE, PSE and PBE is the length of the fatty chain. These results indicated that the length of the fatty chain is an important factor for inhibiting the restoration of deficit on polyoxyethylene saturated alkyl derivatives. The unsaturated polyoxyethylene alkyl derivative, POE, inhibited the restoration of deficit greater than the saturated polyoxyethylene alkyl derivative, PSE. The difference in structure between POE and PSE is the existence of an unsaturated olefinic double bond. These results indicated that the unsaturated olefinic double bond is an important factor in determining the extent of the restoration of deficit on the RCE model. SLS inhibited the restoration of deficit greater than all the polyoxyethylene alkyl derivatives using this RCE model. The results of this test were comparable with those of the Draize test, 1) and so using this method with the RCE model may prove to be a useful in vitro eye irritation test. In addition, the small difference in inhibitory effects between the polyoxyethylene alkyl derivatives with similar chemical structures, which cannot be confirmed with the Draize test, was remarkably confirmed using the RCE model. Generally there are large variations in Draize scores, and the test uses three or six rabbits. 35, 37) These results indicated that there is a possibility that prediction errors for the Draize test may be quite high if the tests are conducted according to the OECD guidelines (1987) using three rabbits. This has to be kept in mind when evaluating alternative methods to the Draize test. Therefore, this eye irritancy test with the RCE model may be a more sensitive test, which can estimate chemical eye irritation from slight symptoms.
CONCLUSIONS
The rabbit corneal epithelial (RCE) model was prepared by culture of rabbit corneal cells on amniotic membrane in a cell culture insert. The results of inhibitory test against the restoration of an alkaline deficit on the RCE model compared well with those of the Draize test on SLS, and so this method with the RCE model may provide a useful and sensitive in vitro eye irritation test to replace the animal-based eye irritation test. The irritancy effects of polyoxyethylene alkyl derivatives were determined from the inhibitory effect of the restoration of an alkaline deficit on the RCE model. POE inhibited the restoration of deficit greater than the saturated polyoxyethylene alkyl derivatives, and so it was suggested to be the greatest eye irritant of polyoxyethylene alkyl derivatives tested. These results indicated that the length of the fatty chain and the unsaturated olefinic double bond are important factors for determining the extent of eye irritation for polyoxyethylene alkyl derivatives. The RCE model containing an alkaline deficit was treated with various concentrations of PLE, PCE, PSE, POE, and PBE, and cultured in a SHEM medium at 37°C in 5% CO 2 for 96 h. The area of deficit was measured as an index of inhibition of restoration against deficit induced by alkaline exposure using the imaging technique 24 h (A) and 96 h (B) after treatment. The restoration rate (% of control) for the deficit is expressed as % relative to the non-irritation control for each time point. Bars represent meanϮS.E. of three independent experiments. Significantly different from the non-treated control group at pϽ0.05 ( * ) and pϽ0.01 ( * * ).
